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1.0 MOTIVATION 

NO x reduction is a driving force in combustor design today. The fuel-air mixing process can 
have a significant effect on NO x production. This report describes a set of experiments carried 
out to assess fuel-air mixing sensitivities to geometric variation in the Rich-Bum/Quick- 
Mix/Lean-Bum (RQL) combustor concept utilized in stationary gas turbine engine applications 
and proposed for advanced transport aircraft engines. Specifically, three (3) parameters in the 
quick-mix zone were examined: jet injection angle, jet-to-expansion distance, and jet count 
(number of jets). 

2.0 APPROACH 

Figure 1 is a general depiction of the RQL concept and illustrates the variable parameters 
investigated in this study. 

Three values for each of the three variables were selected so as to bracket the optimum case. The 
combustor was fired on propane and air. Table 1 lists the fixed and variable design conditions. 


Table L Fixed and variable design conditions. 
Fixed 


Pressure 

Rich Zone Equivalence Ratio 
Overall Equivalence Ratio 
Lean Zone Expansion Angle 
Momentum Flux Ratio 
Duct Radius, R 

1 atm 
1.66 
0.45 
90° 
25 

40 mm 

Variable 

0, Jet Injection Angle 

45.0°, 67.5°, 90.0° 

N, Jet Count 

7, 9,11 

L, Jet-to-Expansion 

1.2 R, 1.7 R, 2.5 R 


The test matrix shown in Table 2 was generated via the Box-Behnken technique, reducing the 
total number of test conditions from twenty-seven (27) to thirteen (13). 

Emissions measurements were made across two planes downstream of the jets, described in the 
next section, for each of the test conditions. Sensitivity of fuel-air mixing to geometric variation 
can be assessed by comparing the results of the test conditions. 


NAS A/CR— 2003-2 12316 


1 



Table 2. Test Matrix. 


Case 

0 

N 

L 

1 

67.5° 

7 

1.2 R 

2 

90.0° 

9 

1.2 R 

3 

45.0° 

9 

1.2 R 

4 

67.5° 

11 

1.2 R 

5 

90.0° 

7 

1.7 R 

6 

90.0° 

11 

1.7 R 

7 

45.0° 

7 

1.7 R 

8 

45.0° 

11 

1.7 R 

9 

67.5° 

9 

1.7 R 

10 

67.5° 

7 

2.2 R 

11 

90.0° 

9 

2.2 R 

12 

45.0° 

9 

2.2 R 

13 

67.5° 

11 

2.2 R 


3.0 EXPERIMENT 


3 . 1 Facility 

The experiment was conducted on a UCICL test stand described in detail elsewhere (e.g., Leong 
and Samuelsen, 1996), and slightly modified to accommodate the current experiment. A 
schematic of the modified test stand is shown in Figure 2. Nine stainless steel quick-mix jet 
modules, one quartz- windowed expansion chamber, and three jet-to-expansion spacers were 
fabricated in order to accommodate the jet injection angle, jet-to-expansion distance, and jet 
count variations. The expansion chamber and one of the jet modules is shown in Figure 3. The 
diameter of the main duct is 80 mm, and the L/d of the jets is a constant value of 5 for all of the 
modules. The expansion chamber dimensions in duct-diameters are 2L x 1W x 3H. 

A new, larger plenum was also constructed to house the modules. Detailed drawings of the 
plenum, expansion chamber, and nine modules are included in the Appendix. The entire facility 
is shown in Figure 4. 

3.2 Diagnostics 

A double-jacketed, water-cooled, stainless steel probe was mounted such that its 45° angled tip 
could be positioned on the measurement plane of interest. Pointwise measurements of carbon 
monoxide (CO), carbon dioxide (C0 2 ), unburned hydrocarbon (HC), oxygen (0 2 ), and nitrogen 
oxide and nitrogen dioxide (NO x ) concentrations were made by traversing the combustor in the 
horizontal plane and drawing gas samples continuously through a bank of emission analyzers. 

Two planes were sampled for each experimental condition, as shown in Figure 5. Plane 1 was 
located precisely at the step expansion, and Plane 2 was located 30 mm downstream of the 
expansion, which gave the flow approximately 1 ms in residence time from the expansion. 
Emissions were also measured at a third plane, one duct-diameter (40 mm) upstream of the jet 
centerline, in order to verify a uniform rich entry section. 
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Figure 6 shows the location of the sampling points for each of the three planes. 


4.0 RESULTS 

All graphical species concentration profiles were generated from pointwise data using a 
geostatistical interpolation algorithm known as kriging. The raw, tabulated data are attached in 
the Appendix. 

4.1 Rich Zone Verification 

Table 3 shows the species concentrations across the rich zone of Figure 5. The species 
concentrations present in this zone are consistent with chemical kinetics predictions. These 
measurements were repeated for several cases and the result was the same each time, the 
upstream conditions provide a rich product environment that is uniform and consistent enough to 
provide a practically fixed boundary condition. 


Table 3. Rich Zone Verification. 


Point 

CO (%) 

co 2 (%) 

HC (ppm) 

0 2 (ppm) 

NO x (ppm) 

1 

12.5 

5.66 

2154 

0 

9.6 

2 

12.45 

5.69 

2580 

0 

9.3 

3 

12.42 

5.73 

3300 

0 

10.4 

4 

12.5 

5.68 

3071 

0 

9.7 

5 

12.3 

5.82 

3126 

0 

9.6 

6 

12.28 

5.81 

3641 

0 

10.1 

7 

12.45 

5.7 

3230 

0 

9.8 


4.2 Plane 1 

Figures 7-9, 10-12, 13-15, and 16-18 illustrate species concentration profiles at Plane 1 for CO, 
C0 2 , 0 2 , and NO x , respectively. Also shown on these figures are the area-averaged values for 
each case. Plots of HC are not shown because measurements were essentially zero in all cases. 
Figure 19 was generated from a verification of the entire plane for a single case. Figure 19 shows 
the essential symmetry of Plane 1, validating the technique of measuring in only one sector in 
order to generate a finer sampling grid. 

Table 4 shows the area-averaged values of Plane 1 for each condition. This table also presents a 
carbon balance using the Spindt technique. The large errors indicate that perhaps the grid density 
used was not quite fine enough to resolve all of the fluctuations. 
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Table 4. Area-averaged data for all cases. 


case 

Area- Averaged Values 
CO CQ2 02 NOx 

Carbon Balance 
F/A, Spindt F/A, metered 

% error 

i 

0.67 

3.9 

14.1 

16.2 

0.0201 

0.0266 

32.3% 

2 

0.71 

5.1 

12.4 

18.1 

0.0258 

0.0298 

15.5% 

3 

1.6 

4.2 

12.8 

16.5 

0.0222 

0.0298 

34.5% 

4 

0.95 

4.7 

12.5 

16.2 

0.0243 

0.0298 

22.6% 

5 

0.46 

4.3 

13.6 

16.0 

0.0219 

0.0266 

21.6% 

6 

0.46 

4.8 

13.1 

17.2 

0.0241 

0.0298 

23.7% 

7 

0.72 

4.5 

13.3 

16.7 

0.0230 

0.0266 

15.8% 

8 

1.23 

4.8 

12.2 

18.8 

0.0249 

0.0298 

19.7% 

9 

0.50 

4.9 

13.1 

18.2 

0.0243 

0.0298 

22.8% 

10 

0.3 

4.2 

14.2 

16.0 

0.0209 

0.0266 

27.3% 

11 

0.32 

5.0 

13.2 

18.8 

0.0245 

0.0298 

21.8% 

12 

0.55 

4.7 

13.2 

18.7 

0.0235 

0.0298 

26.9% 

13 

0.45 

4.9 

12.8 

17.9 

0.0247 

0.0298 

20.7% 


4.3 Plane 2 

Measurements in Plane 2 were made for each case, in the quarter-plane region described by 
Figure 6, and figures are included in the Appendix. However, a verification sampling of the 
entire plane, shown in Figure 20, suggests a large-scale recirculation at work in the expansion 
chamber. These results were the same regardless of the orientation of the expansion chamber, 
indicating the coupling of downstream room conditions with the aerodynamics inside the 
expansion chamber. This phenomenon renders the measurements made in Plane 2 essentially 
unusable. 

4.4 Modified Plane 2 

In an attempt to isolate the aerodynamics of the expansion chamber from downstream room 
conditions, an exploratory test was conducted whereby a 40% blockage was installed on the exit 
plane of the expansion chamber. A reduced set of measurements were made across the length of 
the expansion chamber, revealing no asymmetry. This confirms the hypothesis that the 
asymmetry was produced by downstream interactions, and indicates that a 40% blockage is 
sufficient to isolate the measurement plane from downstream conditions. The species 
concentration profiles are shown in Figure 21. 

5.0 SUMMARY 

This report presents the results of an extensive set of experiments undertaken with the goal of 
assessing the sensitivity of mixing to three geometric parameters in an RQL combustor. 

6.0 REFERENCES 


Leong, M.Y., and Samuelsen, G.S. (1996). Quick-Mixing Studies Under Reacting Conditions, 
NASA Contractor Report 195375, September. 
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Figure L RQL concept and variable parameters. 
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Figure 2. Experimental facility schematic. 
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Figure 3. Expansion chamber and typical jet module. 
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Figure 4. Entire facility. 
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Figure 6. Sampling point locations 
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Figure 7. CO concentration profiles, plane 1, cases 1 through 4 (L = 1 .2 R). 
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Figure 8. CO concentration profiles, plane 1, cases 5 through 9 (L = 1 .7 R). 
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Figure 9. CO concentration profiles, plane 1, cases 10 through 13 (L = 2.2 R). 
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Figure 10. C0 2 concentration profiles, plane 1, cases 1 through 4 (L = 1.2 R). 
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Figure 1 1 . C0 2 concentration profiles, plane 1 , cases 5 through 9 (L = 1.7 R). 
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Figure 12. C0 2 concentration profiles, plane 1, cases 10 through 13 (L = 2.2 R). 
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Figure 13. 0 2 concentration profiles, plane 1, cases 1 through 4 (L = 1.2 R). 
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Figure 15. 0 2 concentration profiles, plane 1, cases 10 through 13 (L = 2.2 R). 
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Figure 1 6. NO x concentration profiles, plane 1 , cases 1 through 4 (L = 1 .2 R). 
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Figure 17. NO x concentration profiles, plane 1, cases 5 through 9 (L - 1.7R). 
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Figure 18. NO x concentration profiles, plane 1, cases 10 through 13(L = 2.2R). 


NAS A/CR— 2003-2 12316 


22 


NUMBER OF HOLES, N 





[ 0 2 ] (%) 
18.00 

16.00 

14.00 

12.00 
10.00 
8.00 
6.00 

4.00 

2.00 
0.00 


Figure 19. Plane 1 0 2 concentration measurements across entire region, case 6. 



Figure 20. Plane 2 0 2 concentration measurements across entire region, case 6. 
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Figure 21. Plane 2 reduced 0 2 concentration profiles, with 40% restriction, case 
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Raw Data 


Case #2 

©= 

90.0° 

N = 

9 

L = 

1.2 R 



plane 

point 

X 

y 

CO (%) 

C0 2 (%) 

HC (ppm) 

0 s 

CM 

o 

NO x (ppm) 

1 

1 

0 

0 

2.66 

6.5 

104.2 

8 

23.4 

1 

2 

12.9 

-3.5 

1.55 

5.06 

36.3 

11.48 

18.4 

1 

3 

13.3 

1.2 

1.04 

4.07 

17.7 

13.58 

14.7 

1 

4 

12.1 

5.6 

0.83 

3.56 

11.9 

14.58 

12.9 

"T 

5 

9.4 

9.4 

0.88 

3.79 

11.3 

14.18 

13.7 

1 

6 

5.6 1 

12.1 

0.9 

3.94 

8.5 

13.92 

14.5 

i 

7 

25.8 

-6.9 1 

0.83 

5.14 

5.7 

12.23 

18.2 

i 

8 

26.6 

2.3 

0.59 

4.4 

4.5 

13.62 

15.3 

1 

9 

24.2 

11.3 

0.42 

3.4 

4.2 1 

15.31 

11.9 

i 

10 

18.9 

18.9 

0.45 

4.48 

3.9 

13.65 

15.8 

i 

11 

11.3 

24.2 

0.48 

4.56 

3.7 

13.52 

16.3 

“T 

12 

38.6 

-10.4 

0.5 

6.52 

3.8 

10.53 

22.6 

i 

13 

39.8 

3.5 

0.68 

7.56 

3.9 

8.77 

25.8 

i 

14 

36.3 

16.9 

0.42 

6.11 

3.3 

11.23 

21 

i 

15 

28.3 

28.3 

0.75 

8.05 

3.6 

7.96 

28.8 

1 

16 

16.9 

36.3 

0.5 

6.71 

3.2 

10.25 

23.7 

2 

1 

0 

"oi 

0.95 

5.43 

3.6 

11.69 

19.9 

2 

2 

9.4 

9.4 

0.54 

4.08 

1.4 

14.21 

14.7 

2 

3 

18.9 

18.9 

0.32 

4.62 

0.7 

13.66 

16.3 

2 

4 

28.3 

28.3 

0.17 

6.64 

~1)A 

10.74 

22.6 

2 

5 

37.7 

37.7 

0.02 

6.37 

0.2 

11.3 

22.2 

2 

6 

47.1 

47.1 

0.01 

6.27 

0.1 

11.51 

21.9 

2 

7 

56.6 

56.6 

0.011 

6.32 

0 

11.45 

22.4 

2 

8 

9.4 

-9.4 

0.83 

5.11 

1.3 

12.31 

18.8 

2 

9 

18.9 

0 

0.61 

4.76 

0.4 

13.12 

17.4 

2 

10 

28.3 

9.4 

0.33 

4.8 

0 

13.39 

16.8 

2 

11 

37.7 

18.9 

0.16 

6.03 

0 

11.7 

20.7 

2 

12 

47.1 

28.3 

0.015 

6.36 

0 

11.38 

22.3 

2 

13 

56.6 

37.7 

0.0093 

6.29 

0 

11.49 

22.5 

2 

14 

66 

47.1 

0.011 

6.3 

0 

11.49 

24.4 

2 

15 

18.9 

-18.9 

0.42 

5.52 

0 

12.21 

20.6 

2 

16 

28.3 

-9.4 

0.37 

6.31 

0 

11.06 

23.1 

2 

17 

37.7 

0 

0.24 

6.41 

0 

11.03 

23 

2 

18 

47.1 

9.4 

0.052 

6.36 

0 

11.33 

23 

2 

19 

56.6 

18.9 

0.0095 

6.33 

0 

11.46 

26.5 

2 

20 

66 

28.3 

0.0091 

6.3 

0 

11.5 

23.8 

2 

21 

75.4 

37.7 

o.oil 

6.27 

0 

11.57 

23.6 

2 

22 

28.3 

-28.3 

0.23 

6.52 

0 

10.92 

24 

2 

23 

37.7 

-18.9 

0.16 

6.98 

0 

10.28 

28.1 

2 

24 

47.1 

-9.4 

0.052 

6.41 

0 

11.29 

24 

2 

25 

56.6 

0 

0.011 

6.28 

0 

11.55 

23.9 

2 

26 

66 

9.4 

0.0087 

6.12 

0.7 

11.76 

23.5 

2 

27 

75.4 

18.9 

0.0095 

6.25 

0 

11.6 

23.8 

2 

2b 

b4.y 

2b. b 

u.un 

5.Z5 

U 

11.5b 

Z4.5 
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Raw Data 


Case #3 

0 = 

45.0° N = 

9 

L = 

1.2 R 



plane 

point 

X 

y 

CO (%) 

co 2 (%) 

HC (ppm) 

o 2 (%) 

NO x (ppm) 

1 

1 

0 

0 

12.15 

5.89 

1711.5 

0.12 

14.3 

V 

2 

12.9 

-3.5 

5.6 

6.99 

349.9 

4.42 

27.1 

1 

3 

13.3 

1.2 

3.3 

6.03 

112.3 

8.17 

24.5 

1 

4 

12.1 

5.6 

3.29 

6.26 

87.7 

7.82 

25.5 

1 

5 

9.4 

9.4 

4.38 

6.98 

136.1 

5.61 

28.1 

1 

6 

5.6 

12.1 

2.67 

5.96 

53.7 

8.73 

24 

1 

7 

25.8 

-6.9 

0.48 1 

1.96 

2.8 

17.43 

7 ? 

1 

Is 1 

26.6 

2.3 

0.78 

3.55 1 

1.2 

14.71 

14 

1 

9 

24.2 

11.3 

0.41 

1.95 

0.5 

17.59 

7.6 

1 

10 

18.9 

18.9 

0.74 

3.39 

0 

15.01 

13.5 

1 

11 

11.3 

24.2 

0.54 

2.76 

0 

16.2 

10.6 

1 

12 

38.6 

-10.4 

0.42 

4.3 

0.7 

13.93 

16.3 

1 

13 

39.8 

3.5 

0.73 

5.57 

0 

11.59 

20.9 


14 

36.3 

16.9 

0.42 

4.06 

0 

14.28 

16 

i 

15 

28.3 

28.3 

0.53 

4.48 

0 

13.53 

18.5 

~T1 

16 

16.9 

36.3 

0.32 

4.07 

0 

14.4 

15.6 

z 

1 

0 

0 

7.23 

7.46 

432.1 

2.14 

30 

2 

2 

9.4 

9.4 

1.09 

4.84 

7.7 

12.28 

19.7 

2 

3 

18.9 

18.9 

0.42 

4.41 

1.5 

13.74 

17.3 

2 

4 

28.3 

28.3 

0.19 

5.39 

0 

12.47 

20.2 

2 

5 

37.7 

37.7 

0.067 

3.62 

0.1 

15.38 

13.9 

2 

6 

47.1 

47.1 

0.034 

5.22 

0 

12.95 

19.8 

2 

7 

56.6 

56.6 

0.035 

5.22 

0 

12.95 

19.9 

2 

8 

9.4 

-9.4 

2.42 

6.56 

29.7 

8.02 

27.2 

2 

9 

18.9 

0 

0.51 

3.14 

1.4 

15.59 

12.8 

2 

10 

28.3 

9.4 

0.37 

4.52 

0 

13.64 

17.4 

2 

11 

37.7 

18.9 

0.26 

4.63 

0 

13.58 

17.5 

2 

12 

47.1 

28.3 

0.039 

4.96 

0 

13.32 

18.6 

2 

13 

56.6 

37.7 

0.031 

5.2 

0 

12.98 

20 

2 

14 

66 

47.1 

0.035 

5.22 

0 

12.95 

20.1 

2 

15 

18.9 

-18.9 

0.51 

4.43 

0 

13.65 

18.3 

2 

16 

28.3 

-9.4 

0.46 

5.18 

0 

12.53 

20.8 

2 

17 

37.7 

0 

0.3 

5.26 

0 

12.57 

20.1 

2 

18 

47.1 

9.4 

0.14 

3.96 

0.1 

14.76 

15.7 

2 

19 

56.6 

18.9 

0.033 

5.14 

0 

13.08 

19.9 

2 

20 

66 

28.3 

0.029 

5.23 

0 

12.95 

20.2 

2 

21 

75.4 

37.7 

0.034 

5.21 

0 

12.98 

20.8 

2 

22 

28.3 

-28.3 

0.4 

4.81 

0 

13.16 

19.3 

2 

23 

37.7 

-18.9 

0.3 

4.93 

0 

13.09 

19.5 

2 

24 

47.1 

-9.4 

0.15 

5 

0 

13.13 

19.7 

2 

25 

56.6 

0 

0.033 

5.16 

0 

13.03 

20.6 

2 

26 

66 

9.4 

0.026 

5.15 

0 

13.07 

20.5 

2 

27 

75.4 

18.9 

0.03 

5.18 

0 

13.02 

20.8 

2 

28 1 84.9 

28.3 

0.031 

5.^1 

u 

iz.y/ 

2U.d 
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Raw Data 


Case #4 

0 = 

67,5° 

N = 

ii 

L = 

1.2 R 



plane 

point 

X 

y 

CO (%) 

C0 2 (%) 

HC (ppm) 

o 2 (%) 

NO x (ppm) 

1 

1 

0 

0 

4.67 

7.2 

262.4 

5.08 

25.4 

1 

2 

10.7 

-8 

3.97 

7.18 

192.8 

5.85 

24.5 

T 

3 

12.5 

-4.7 

2.82 

6.59 

108.4 

7.5 

23.8 

1 

4 

13.3 

-1 

1.84 

5.51 

40.5 

10.24 

19.7 

1 

“51 

13 

2.8 

1.52 

4.91 

23.6 

11.53 

17.7 

1 

6 

11.7 

6.4 

1.62 

5.15 

24.4 

11.06 

18.4 

1 

7 

21.3 

-16 

0.6 

4.05 

0.6 

13.92 

14.1 

1 

8 

25 

-9.3 

0.6 

3.66 

0.4 

14.51 

12.6 

V 

9 

26.6 

-1.9 

0.52 

3.19 

0.4 

15.3 

11.2 


10 

26.1 

5.7 

0.45 

2.99 

0.6 

15.68 

9.9 

i 

11 

23.4 

12.8 

0.48 

3.23 

0.2 

15.29 

10.8 

i 

12 

32 

-24 

0.49 

5.18 

0 

12.33 

16.9 

i 

13 

37.5 

-14 

0.25 

6.13 

0 

11.17 

20.1 

i 

14 

39.9 

-2.9 

0.2 

5.42 

0 

12.3 

18.2 

1 

15 

39.1 

8.5 

0.29 

5.88 

0 

11.51 

19.7 

1 

16 

35.1 

19.2 

0.39 

5.45 

0 

12.05 

18.5 

2 

1 

0 

0 

1.98 

6.92 

26.1 

7.94 

25.4 

2 

2 

9.4 

9.4 

0.76 

4.42 

1.6 

13.13 

15.8 

2 

3 

18.9 

18.9 

0.36 

4.15 

0 

14.02 

14.7 

2 

4 

28.3 

28~3 

0.17 

6 

0 

11.46 

20.6 

2 

5 

37.7 

37.7 

0.031 

5.81 

0 

11.9 

20.4 

2 

6 

47.1 

47.1 

0.014 

5.79 

0 

11.97 

20.4 

2 

7 

56.6 

56.6 

0.016 

5.79 

0 

11.98 

20.6 

2 

8 

9.4 

-9.4 

1.69 

6.74 

11.9 

8.56 

24.8 

2 

9 

18.9 

0 

0.57 

3.99 

0 

14.02 

14.3 

2 

10 

28.3 

9.4 

0.34 

4.08 

0 

14.17 

14.1 

2 

11 

37.7 

18.9 

0.16 

5.72 

0 

11.88 

19.4 

2 

12 

47.1 

28.3 

0.021 

5.76 

0.1 

12.01 

20.2 

2 

13 

56.6 

37.7 

0.013 

5.78 

0 

11.99 

20.3 

2 

14 

66 

47.1 

0.016 

5.75 

0 

12.02 

20.6 

2 

15 

18.9 

-18.9 

0.51 

5.54 

0 

11.79 

19.6 

2 

16 

28.3 

-9.4 

0.36 

5.03 

0 

12.72 

17.9 

2 

17 

37.7 

0 

0.25 

5.3 

0 

12.43 

18.2 

2 

18 

47.1 

9.4 

0.062 

5.67 

0 

12.07 

20 

2 

19 

56.6 

18.9 

0.014 

5.76 

0 

12.01 

20.3 

2 

20 

66 

28.3 

0.014 

5.71 

0 

12.08 

20.7 

2 

21 

75.4 

37.7 

0.015 

5.75 

0 

12.04 

20.6 

2 

22 

28.3 

-28.3 

0.27 

5.73 

0 

11.77 

20.2 

2 

23 

37.7 

-18.9 

0.25 

5.6 

0 

11.99 

19.4 

2 

24 

47.1 

-9.4 

0.071 

5.67 

0 

12.08 

20.3 

2 

25 

56.6 

0 

0.018 

5.72 

0 

12.07 

20.4 

2 

26 

66 

9.4 

0.015 

5.65 

0 

12.17 

20.6 

2 

27 

75.4 

18.9 

0.016 

5.7 

0 

12.09 

20.5 

z 

zo 

04.9 

Z0.3 

0.019 

D.OQ 

o 

1Z.14 

zo.o 
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Raw Data 


Case #5 

0 = 

90.0° 

N = 

7 

L = 

1.7 R 



plane 

point 

X 

y 

CO (%) 

C0 2 (%) 

HC (ppm) 

o 2 (%) 

NO x (ppm) 

1 

1 

0 

0 

0,81 

4.12 

1 

13.54 

15.6 

1 

2 

8.7 

-10.1 

0.67 

3.7 

0.3 

14.33 

13.5 

1 

— 31 

12.2 

-5.3 

0.65 1 

3.53 

0.2 

14.6 

13.1 

1 

4 

13.3 

0.5 

0.55 

3.17 

0 

15.27 

11.6 

1 

5 

11.8 

6.2 

0.47 

2.91 

0 

15.74 

10.8 

1 

6 

7.9 

10.7 

0.46 

3 

0 

15.61 

10.9 

1 

7 

17.4 

-20.2 

0.44 

4.47 

0 

13.45 

16.2 

1 

8 

24.4 

-10.7 

0.48 

4.64 

0 

13.14 

16.7 

1 

9 

26.6 

1 

0.41 

3.96 

0 

14.22 

15.3 

1 

10 

23.6' 

12.5 

0.33 1 

3.52 

0 

14.96 

13.3 

1 

11 

15.8 

21.5 

0.32 

4.01 

0 

14.24 

15 

1 

12 

26.1 

-30.3 

0.5 

5.06 

0 

12.47 

19.5 

1 

13 

36.7 

-16 

0.54 

6.54 

0 

10.22 

24.1 

1 

14 

40 

1.5 

0.41 

4.62 

0 

13.22 

17.4 

1 

15 

35.4 

18.7 

0.43 

5.34 

0 

12.11 

20 

1 

16 

23.8 

32.2 

0.37 

5.2 

0 

12.38 

19.5 

2 

1 

0 

0 

0.37 

3.46 

0 

14.99 

13.1 

2 

2 

9.4 

9.4 

0.3 

3.21 

0 

15.43 

12.3 

2 

3 

18.9 

18.9 

0.24 

4.13 

0 

14.14 

15.7 

2 

4 

28.3 

28.3 

0.2 

4.54 

0 

13.56 

17.5 

2 

5 

37.7 

37.7 

0.051 

5.17 

0 

12.8 

19.6 

2 

6 

47.1 

47.1 

0.038 

5.17 

0 

12.82 

19.9 

2 

7 

56.6 

56.6 

0.039 

5.29 

0 

12.76 

20 

2 

8 

9.4 

-9.4 

0.38 

3.69 

0 

14.63 

14.2 

2 

9 

18.9 

0 

0.32 

3.58 

0 

14.38 

13.7 

2 

10 

28.3 

9.4 

0.25 

4.39 

0 

13.75 

16.5 

2 

11 

37.7 

18.9 

0.18 

5.22 

0 

12.58 

19.9 

2 

12 

47.1 

28.3 

0.054 

4.07 

0.6 

14.44 

16.6 

2 

13 

56.6 

37.7 

0.036 

5.12 

0 

12.89 

20 

2 

14 

66 

47.1 

0.039 

5.23 

0 

12.73 

20.2 

2 

15 

18.9 

-18.9 

0.3 

4.83 

0 

13.03 

18.6 

2 

16 

28.3 

-9.4 

0.27 

4.88 

0 

12.99 

18.7 

2 

17 

37.7 

0 

0.24 

5.02 

0 

12.82 

19.2 

2 

18 

47.1 

9.4 

0.13 

5.24 

0 

12.61 

20 

2 

19 

56.6 

18.9 

0.04 

5.05 

0 

13 

19.1 

2 

20 

66 

28.3 

0.03 

4.91 

0 

13.2 

19.1 

2 

21 

75.4 

37.7 

0.04 

5.25 

0 

12.7 

23.9 

2 

22 

28.3 

-28.3 

0.27 

5.21 

0 

12.52 

20 

2 

23 

37.7 

-18.9 

0.25 

5.53 

0 

12.06 

20.3 

2 

24 

47.1 

-9.4 

0.14 

5.31 

0 

12.51 

20 

2 

25 

56.6 

0 

0.04 

5.2 

0 

12.77 

20 

2 

26 

66 

9.4 

0.03 

5.22 

0 

12.76 

19.9 

2 

27 

75.4 

18.9 

0.03 

5.23 

0 

12.76 

19.9 

z 

Zb 

d4.y 

ZG.b 

0.U3 

5.2© 

0 

iz.os 

S 8.9 
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Raw Data 


Case #7 

0 = 

45.0° 

N = 

7 

L = 

1.7 R 



plane 

point 

X 

y 

CO (%) 

co 2 (%) 

HC (ppm) 

o 

ro 

NO x (ppm) 

1 

i 

1 o 1 

0 

3.75 

7.19 

158.4 

6.14 

27.1 

1 

2 

8.7 

-10.1 

1 

4.12 

7.3 

13.57 

15.7 

1 

3 

12.2 

-5.3 

0.75 

3.45 

3 

14.86 

12.5 

1 

4 

13.3 

0.5 

0.65 

3.19 

2.3 

15.34 

11.6 

A 

5 

11.8 

6.2 

0.72 1 

3.35 

2.8 

15.02 

12 

i 

6 

7.9 

10.7 

0.72 

3.38 

2.3 

14.97 

12.3 

i 

7 

17.4 

-20.2 

0.34 

2.19 

0.3 

17.16 

7.9 

i 

8 

24.4 

-10.7 

0.9 

6.77 

0 

9.68 

24.1 

i 

¥ 

26.6 

1 

0.41 

2.64 

0.5 

16.43 

9.8 

i 

10 

23.6 

12.5 

0.79 

6.57 

0 

10.11 

25 

1 

ii 

15.8 

21.5 

0.56 

4.08 

0 

14.13 

15.4 

i 

12 

26.1 

-30.3 

0.44 

3.63 

0 

14.93 

13.1 

i 

13 

36.7 

-16 

0.75 

5.98 

0 

11.06 

21.6 

1 

14 

40 

1.5 

0.44 

3.27 

0.5 

15.48 

12.4 

i 

15 

35.4 

18.7 

0.55 

5.96 

0 

11.32 

21.8 

i 

16 

23.8 

32.2 

0.42 

3.96 

0 

14.46 

14.7 

2 

1 

0 

0 

0.94 

5.16 

1.8 

12.03 

19.7 

2 

2 

9.4 

9.4 

0.37 

3.05 

0.1 

15.87 

11.5 

2 

3 

18.9 

18.9 

0.32 

4.52 

0 

13.74 

17.5 

2 

4 

28.3 

28.3 

0.24 

3.68 

0.9 

15.11 

14.2 

2 

5 

37.7 

37.7 

0.072 

2.3 

8.5 

17.33 

9.2 

2 

6 

47.1 

47.1 

0.053 

5.15 

0 

13.12 

19.5 

2 

7 

56.6 

56.6 

0.056 

5.16 

0 

13.11 

19.7 

2 

8 

9.4 

-9.4 

0.47 

3.38 

0 

15.29 

12.6 

2 

9 

18.9 

0 

0.31 

2.9 

0 

16.18 

11.5 

2 

10 

28.3 

9.4 

0.26 

5.83 

0 

11.83 

21.3 

2 

11 

37.7 

18.9 

0.18 

3.63 

1.4 

15.27 

14.8 

2 

12 

47.1 

28.3 

0.066 

1.73 

11.2 

18.22 

7.3 

2 

13 

56.6 

37.7 

0.058 

5.15 

0 

13.11 

19 

2 

14 

66 

47.1 

0.057 

5.18 

0 

13.08 

19.6 

2 

15 

18.9 

-18.9 

0.32 

4.14 

0 

14.35 

15.3 

2 

16 

28.3 

-9.4 

0.29 

6 

0 

11.55 

21.6 

r 2 

17 

37.7 

0 

0.32 

4.99 

0 

13.07 

19.1 

2 

18 

47.1 

9.4 

0.14 

3.32 

2.4 

15.77 

13.5 

2 

19 

56.6 

18.9 

0.065 

1.87 

8.4 

18.02 

8.2 

2 

20 

66 

28.3 

0.061 

5 

0 

13.33 

18.1 

2 

21 

75.4 

37.7 

0.062 

5.13 

0 

13.15 

20.2 

2 

22 

28.3 

-28.3 

0.34 

4.18 

0 

14.29 

16.2 

2 

23 

37.7 

-18.9 

0.34 

4.68 

0 

13.51 

18.2 

2 

24 

47.1 

-9.4 

0.14 

4.76 

0 

13.58 

19.1 

2 

25 

56.6 

0 

0.045 

5.11 

0 

13.19 

20.2 

2 

26 

66 

9.4 

0.042 

5.1 

0 

13.22 

20.4 

2 

27 

75.4 

18.9 

0.045 

5.09 

0 

13.23 

20.6 

d 

kid 

d4.y 

£d.d 

u.uo / 

D.Ud 

U 

id.Zd 

dV.O 
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Raw Data 


Case #8 

0 = 

45.0° 

N = 

11 

L = 

1.7 R 



plane 

point 

X 

y 

CO (%) 

C0 2 (%) 

HC (ppm) 

o 2 (%) 

NO x (ppm) 

1 

1 

0 

0 

7.86 

7.41 

679.7 

1.62 

29 

1 

2 

10.7 

-8 

4.83 

7.61 

248.3 

4.13 

30.7 

1 

3 

12.5 

- 4.7 

4.19 

7.5 

182.4 

4.87 

30.8 

1 

4 

13.3 

-1 

2.75 

6.87 

79.9 

7.1 

27.7 

1 

5 

13 

2.8 

2.1 

6.22 

39.3 

8.88 

25.3 

1 

6 

11.7 

6.4 

2.18 

6.5 

36.8 

8.36 

26 

1 

7 

21.3 

-16 

0.53 

3.59 

2.3 

14.81 

14.2 

1 

8 

25 

-9.3 

0.53 

4.18 

0.4 

13.9 

16.3 

1 

9 

26.6 

-1.9 

0.48 

3.5 

0.2 

14.99 

13.8 

1 

10 

26.1 

5.7 

0.4 

3.37 

0.2 

15.28 

12.9 

r 

11 

23.4 

12.8 

0.41 

3.18 

0.1 

15.55 

12.3 

i 

12 

32 

-24 

0.46 

4.22 

0.2 

13.9 

16.3 

i 

13 

37.5 

-14 

0.33 

5.1 

0 

12.66 

19.2 

i 

14 

39.9 

-2.9 

0.3 

4.6 

0 

13.48 

17.5 

i 

15 

39.1 

8.5 

0.35 

4.82 

0 

13.1 

18.1 

i 

16 

35.1 

19.2 

0.36 

4.961 

0 

12.88 

18.7 

2 

1 

0 

o 

3.83 

7.9 

102.1 

4.68 

31.6 

2 

2 

9.4 

9.4 

1.32 

6.26 

6.9 

9.71 

25.4 

2 

3 

18.9 

18.9 

0.35 

3.92 

0.4 

14.46 

15.1 

2 

4 

28.3 

28.3 

0.21 

5.17 

0 

12.71 

19.3 

2 

5 

37.7 

37.7 

0.041 

5.23 

0 

12.82 

19.4 

2 

6 

47.1 

47.1 

0.031 

5.21 

0 

12.88 

19.5 

2 

7 

56.6 

56.6 

0.037 

5.2 

0 

12.9 

19.9 
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